The combined application of organic and mineral fertilizers is gaining recognition as a viable approach to address the decline of soil fertility in intensive cultivation. A four-year experiment was conducted to study the dynamics of maize growth and analyse environmental changes. Two treatments were designed, (І) mineral fertilizer treatments (MF) that received the optimal fertilization level with 185 kg N/ha, 60 kg P 2 O 5 /ha, and 90 kg K 2 O/ha and (П) the combination of organic and mineral fertilizer treatments (OMF) with the application of 3.75 t/ha organic fertilizer supplemented with 125 kg N ha -1
Introduction
As the world population and agricultural resource limitation are increasing, global food security has become an acute problem. Increased agricultural production has mainly depended on the use of new crop varieties, pesticides and mineral fertilizers in China over the last 50 years (Xie et al., 2011) . Excessive chemical fertilization has led to soil quality degradation and the deterioration of the agricultural environment. In the future, effective and practical approaches must be taken to address the unprecedented challenges and achieve both high crop productivity and high resource use efficiency in intensive agriculture .
In 2015, the Chinese Ministry of Agriculture launched a campaign on zero growth of chemical fertilizer consumption by 2020, which depends on promoting accurate fertilization, adjusting the fertilizer consumption structure and using more organic fertilizer to replace chemical fertilizers. Organic fertilizer elevates nitrogen and phosphate availability as well as assists in plant residue decomposition, which improve the soil health and quality, reduce soil water loss, and suppress pathogens (Scotti et al. 2015) . The ability of organic sources to meet the crop nutrient requirements is not as assured as that of mineral fertilizers, while the combination of organic and mineral fertilizers has many advantages, such as increasing productivity, reducing chemical fertilizer consumption and protecting the environment (Moreno-Cornejo et al. 2017; . The positive effects of the interactions between organic and mineral fertilizers on crop yield might be due to the temporary immobilization of N by organic fertilizers, improving the synchrony between nutrient supply and demand (Palm et al., 2001 ).
On the other hand, nutrient cycling and the associated yield benefits derived from combining organic and mineral fertilizers depend on many factors, including the climate, soil bio-physical-chemical environment, organic fertilizer quality and interactions among these factors (Sanchez et al., 2016) . However, all of the above studies focused on soil nutrients and their transport throughout the planting year, but the dynamics of soil nutrients and their use in the key stages of maize growth have not been well studied. Crops have different nutrient demands at different growth stages, and fertilization based on the temporal dynamic of nutrient uptake may ensure that the supply does not exceed the rate of nutrient demand (Ma et al., 2013) .
Therefore, research that matches the dynamics of soil nutrient supply and nutrient uptake by crops as a function of organic and mineral fertilizer combinations in long-term experiments is greatly needed.
The challenge of agriculture sustainability requires solving the trade-off between producing satisfactory levels of agricultural products, both in terms of quantity and quality, and reducing the environmental impacts.
Some information has shown that the replacement of mineral fertilizers with organic fertilizers can decrease greenhouse gas emissions (Mapanda et al., 2011) , while others demonstrated that greenhouse gas emissions in treatments with organic and mineral fertilizers were higher than in treatments with only mineral fertilizer (Carmo et al., 2013) . However, there is little information on how the combination of organic and mineral fertilizers impacts the potential for acidification and aquatic eutrophication in the cropping system. LCA analysis is an approach for assessing the environmental impacts associated with a product, process or activity by identifying and quantifying all resources consumed as well as emissions and wastes released (Brodt et al., 2014) . All impacts are related to a common unit and are aggregated into a comprehensive environmental index. This index allows different products or production to be ranked alternatives according to their overall environmental performance. Although LCA has been more widely applied in agricultural than in industrial fields, few reports are available on its use for analyzing agricultural products (i.e., wheat, sugar beet and maize) and cropping systems' impacts on the environment (Nie et al., 2010) .
The main purpose of this study was to (i) explore whether the combined application of mineral and organic fertilizers can obtain the same high and stable maize yield as the application of optimal mineral fertilizers at equivalent macronutrient levels; (ii) study the effects of OMF on the relationship of the crop demand and soil supply of nutrients in key growth stages; and (iii) access the agricultural environmental impact of both the MF system and OMF system to see whether the combined application of mineral and organic fertilizers reduces environmental risks. This research will provide a reference for minimum mineral fertilizer use and sustainable agriculture development.
LCA was used to assess the environmental impact of summer maize production with the combined application of organic and mineral fertilizers. The analysis includes raw material extraction and transportation, agrochemical production and transportation and arable farming in the field (Wang, 2014) .
Material and Methods

Experimental site and design
The experiment was conducted for four years during the maize planting seasons of 2010, 2011, 2012 and 2013 at the Quzhou experimental station of China Agricultural University (36°34′-36°57′N, 114°50′-115°13′E). The average annual temperature is 13.6°C, annual precipitation is 477.6 mm, and average frostfree period is 201 d (1981-2010, http Mazie grain was manually harvest as a sub-sample with a 5 m length and 4-row width, and the distance between two adjacent lines was 60 cm.
Soil organic C (SOC) was determined by the K 2 Cr 2 O 7 colorimetric oxidization method (Shitan, 2000) . Soil total N was measured by the Kjeldahl method (Bremner, 1960) . Soil available P was determined by NaHCO 3 extraction (0.5 mol L -1 ) and spectrophotometrically measured at 880 nm using the phosphomolybdate method (Murphy and Riley, 1962) . Soil exchangeable K was determined by the
method (Shitan, 2000) . Samples of oven-dried roots and shoots were analysed for total N concentrations using Kjeldahl oxidation (Axmann et al., 1990) . Total P concentration was colorimetrically determined at 440 nm using the molybdate procedure on 2 g of pulverized samples (Murphy and Riley, 1962) and total K was determined by flame photometry after steaming in H 2 SO 4 -H 2 O 2 (Shitan, 2000) . The urease and alkaline phosphatase activities were determined according to the procedure of Li et al. (2013) .
Life cycle assessment methodology (LCA)
The LCA and heavy metal emissions were calculated using SimaPro 7.1 (Liang et al., 2009) . The study considered a range of potential impacts, namely, the demand for non-renewable energy resources (e.g., fossil energy consumed during fertilizer production), the contribution to greenhouse gas emission, acidification, eutrophication and the impact on terrestrial ecotoxicity were analysed (Nemecek et al., 2008) . Assessment classification was performed to understand the relevant differences between MF and its equivalent replacement by OMF, which is a promising option for dealing with the challenges in global resource management, environment protection and food security.
Data analysis
The temporal stability (S) for each fertilization treatment was calculated as S =μ/δ, where μ is the mean yield value for a time period and δ is its temporal SD (standard deviation) over the same time interval (Xie et al., 2011) . Soil nutrients, plant growth, quantity PCA allows for identification of the components responsible for the total variation of the data as well as the variable groups that explain these variations.
Results
Maize yields and temporal stability of yields
Compared with MF treatment, OMF treatment significantly improved the maize yield by 13.6 %, 9.7 % 
Dynamics of soil nutrients
The results showed that the SOC (F = 39.878, P < 0.001), soil total N (F = 41.679, P < 0.001), soil available P (F = 817.265, P < 0.001), soil exchangeable K (F = 582.077, P < 0.001), urease (F = 17.066, P < 0.001) and alkaline phosphatase (F = 6.465, P = 0.017) activity were higher in the OMF treatments than in the MF treatments over the four years ( Figure 2 ). Compared with MF, OMF increased the SOC by 14 %, 16 % and 12 % in the 6S, 12S and HS over the four years, respectively (P < 0.05). There were no significant differences in the SOC content among the four growing seasons ( Figure 3) . Compared with MF, the soil total N with OMF was increased by 17 % (P < 0.01), 22 % (P < 0.01), 16 % (P < 0.05) and 24 % (P < 0.01) in the 6S, 12S, TS and HS over three years (2010, 2012 and 2013) , respectively. The soil total N during the four growing seasons did not significantly vary ( Figure 3 ). The soil available P were higher in the OMF treatments than in the MF treatments in the 6S (2.7 times), 12S (3.4 times), TS (3.0 times) and HS (4.3 times) over four years (P < 0.001).
The soil available P with OMF was significantly higher in the 12S than in the TS and HS (P < 0.05).
In the MF treatments, the soil available P content of the TS and HS was significantly lower than that of the 6S (P < 0.05, Figure 3 ). Compared with MF, OMF increased the soil exchangeable K by 84 %, 98 %, 100 % and 130 % in the 6S, 12S, TS and HS over the four years, respectively (P < 0.001, Figure   3 ). The soil exchangeable K with the MF treatment was lower in the HS than in the 12S (P < 0.05). The soil exchangeable K with the OMF treatment was higher in the HS than in the 6S (P < 0.05). The soil urease activity was significantly higher in the OMF treatments than in the MF treatments in the 6S (17 %, P < 0.05) and HS (18 %, P < 0.001) over the four years (Figure 3) . The soil urease activity with OMF was higher in the HS than in the 6S (P < 0.05). The soil urease activity with MF was higher in the TS than in the 6S and 12S (P < 0.05). The soil alkaline phosphatase activity was higher in the OMF treatments than in the MF treatments in the 6S (3 %, P = 0.052) and HS (11 %, P < 0.05) over the four years ( Figure 3 ). The soil alkaline phosphatase activity of both the MF and OMF treatments was higher in the 12S than in the HS (P < 0.05).
Dynamics of maize growth and nutrient absorption
The results showed that the shoot biomass (F = the OMF treatment significantly increased the root biomass in the 6S (24%, P < 0.05), 12S (23%, P < 0.01) and TS (16%, P < 0.01), respectively.
The shoot N contents were higher with OMF than with MF in the 6S (28%, P < 0.01), 12S (12%, P < 0.001) and HS (18%, P < 0.01), respectively. Root N was higher in the OMF treatments than in the MF treatments in the 6S (43%, P < 0.001), 12S
(27%, P < 0.01), TS (16%, P < 0.01) and HS (17 %, P < 0.05), respectively. Additionally, shoot N increased during the whole growing season in the OMF treatments, but it only increased from the 6S to the TS in the MF treatments. This result indicated that OMF has a longer N supply capability than MF during maize growth. The shoot P contents were higher in the OMF treatments than in the MF treatments in the 6S (44%, P < 0.05), 12S (42%, P < 0.001), TS (22%, P < 0.01) and HS (23%, P < 0.001), respectively. Shoot P reached the highest content in the TS (P < 0.05). Compared with the MF treatment, the OMF treatment significantly increased the root P contents in the 6S (55%), 12S
(48%), TS (31%) and HS (36 %) at P < 0.001, respectively. The shoot K contents were higher in the OMF treatments than in the MF treatments in the 6S (53%, P < 0.0001), 12S (28%, P < 0.001), TS (27%, P < 0.001) and HS (25%, P < 0.001), respectively. The shoot K contents with OMF were higher in the HS than in the TS (P < 0.05), while this phenomenon was not observed with MF. Compared with the MF treatment, the OMF treatment significantly increased the root K contents in the 6S (51%), 12S (32%), TS (31%) and HS (25 %), respectively (P < 0.001). The root K contents with both OMF and MF was higher in the HS than in the 6S and 12S (P < 0.05), while there was no significant difference between the TS and HS. 
Environmental impacts
When expressed per unit of production, the two impacts related to the management of resources were significantly affected by the system (Tables   1 and 2 ). The total global warming potential of the OMF system was reduced by 79.66% compared with that of the MF system (Table 1 ). The CO 2 emissions were approximately 80% and 70%
of the contribution to the global warming potential for the MF and the OMF systems, respectively, while almost 20% and 10% were related to direct emissions of N 2 O. The total acidification potential that was mainly caused by NH 3 volatilization was lower (60.22%) in the OMF system than in the MF system. The aquatic eutrophication potential, expressed as kg per PO 4 -equivalent, represented the contribution to river and lake ecosystems. In this study, the aquatic eutrophication potential of summer maize production systems was dominated by NH 3 volatilization (Table 1 ). In the OMF system, the total aquatic eutrophication potential was reduced by 60.68%. The soil eco-toxicity potential of the OMF system (which was dominated by Cu and Zn) was increased by 138.57% compared with the MF system (Table 1 ). maize per ton in the MF system was 44% of that of the world per-capita aggregate environmental impacts, whereas it was only 21% in the OMF system.
By contrast, the soil eco-toxicity potential increased from 0.1842 in the MF system to 0.4405 in the OMF system. Although the OMF system showed a higher soil eco-toxicity potential, all of the environmental impact potentials in the OMF system were reduced by 6.86% compared with those of the MF system.
Each normalized indicator value was multiplied by a weighting factor, which represented the potential The values of the CO 2 -equivalent, SO x -equivalent, PO 4 -equivalent and 1, 4-DCB-equivalent are according with Liang et al. (2009) . All values are in kg per ton of grain
The world per-capita environmental impact potentials in 2000 were used as normalization values ( Table 2 ).
The energy demand was 37.5% lower in the OMF system than in the MF system. The results showed that aquatic eutrophication and soil eco-toxicity were two major environmental impacts connected to the production of 1 t of summer maize (Table 2 ). For summer maize production, the potential of aquatic eutrophication decreased from 0.4431 in the MF system to 0.2145 in the OMF system. These values indicated that the aggregate environmental impact of summer of an impact category to harm resources and natural ecosystems. The aggregate environmental index for maize production decreased from 0.0880 in the MF system to 0.0730 in the OMF system, which indicated that the harmful effect of maize production in the OMF system was 17% lower than that in the MF system (Table 2) . 
Discussion
Combination of organic and mineral fertilizers increases maize yield
Greater maize yield responses were demonstrated for combined organic and mineral fertilizers compared to either resource alone in the exist literature (Chivenge et al., 2011; Zhang et al., 2017) . In the present study, higher summer maize yields were observed in the OMF treatments compared to the MF treatments. The critical period for setting grains in maize is from jointing (stem elongation) to flowering (Subedi and Ma, 2009 ). In the present study, the maize root and shoot biomasses were significantly improved with the application of OMF from the 6S to the TS. Additionally, the PCA analysis results showed that the maize yield had a stronger correlation with the soil P (R = 0.350, P < 0.05), shoot N (R = 0.655, P < 0.01), shoot P (R = 0.527, P < 0.01) and root P (R = 0.579, P < 0.01) at the TS stage ( Figure 6 ).
The maize yield also had a stronger correlation with urease activity (R = 0.771, P < 0.01), alkaline phosphatase activity (R = 0.718, P < 0.01), shoot P (R = 0.748, P < 0.01) and root P (R = 0.560, P < 0.01) at the HS stage.
Consequently, the higher yield with OMF was possibly attributed to an increase in soil P availability, P and N uptake by maize at the TS stage, as well as the increase of P uptakes, urease activity and alkaline phosphatase activity at the HS stage. An equal temporal stability of summer maize yield was shown in the OMF treatments compared with the MF treatments. This result indicated that the combination of mineral and organic fertilizers can provide the same temporal stability of maize yield compared to mineral fertilizers.
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Combination of organic and mineral fertilizer improves soil enzymes and nutrients
A previous study demonstrated that continuous application of the organic fertilizers combined with mineral fertilizers significantly increased the soil organic carbon and microbial biomass (Kaur et al., 2008) . The SOC was increased by the OMF treatments compared with the MF treatments. The possible explanation of increased soil organic carbon under the OMF treatments may include (1) the observation that organic fertilizers in the OMF treatments contain significant levels of organic matter, which is a definitive factor in improving the soil structure, aggregate stability and biological activity and (2) the higher levels of carbon fractions from crop residues along with soil microbial activity (Agber, 2012) . In North China, maize grows in summer when the annual rainfall peaks and with nitrate leaching down the soil profile through diffusion as well as various bio-pores despite the low mobility of ammonium and P (Mi et al., 2010) .
The total soil N and available P were significantly higher in treatments with OMF than in those with MF during all growth seasons (Figure 3 ). This result indicated that the combination of the mineral and organic fertilizers had a higher and steadier N and P supply than mineral fertilizers. In a previous study, the positive effect of mineral fertilizers on plant growth, nutrient-use efficiency and productivity disappeared for fertilizer exhaustion, but it occurred again after the second localized application of NP fertilizers (Ma et al., 2013) . Their results indicated the importance of persistent nutrient supply for maize growth later in the season.
Our results indicated that OMF had a better nutrient supply advantage than MF in both the early and later maize growing seasons. The decrease in the soil available P in the TS and HS in the OMF or MF treatments was possibly due to the build-up of P by maize shoot as demonstrated by our results ( Figure 5 ). Additionally, this decrease in soil available P in the later growing season may also be caused by P fixation in the soil. The soil and plant K levels maintained at sufficient levels were essential to achieve maximum crop productivity (Pettigrew, W. T., 2008) . In this study, OMF increased the soil K compared to the MF, indicating that the OMF possibly increased the maize yield by supplying sufficient soil K.
In maize fields, long-term application of mineral fertilizers decreased urease and phosphatase activities as well as dehydrogenase activity, while soil enzyme activities can be related to the availability of nutrients in soil (He et al., 2010) . In the present study, OMF increased the urease and alkaline phosphatase activities compared with MF. The alkaline phosphatase activity was higher in the 12S than in the TS in the OMF system. Alkaline phosphatase does not have a plant origin and is produced by bacteria, fungi and earthworms (George et al, 2002) . Therefore, the change in the alkaline phosphatase activity is possibly attributed to the distinct soil organism compositions that are transformed from the vegetative growth stage (12S) to the reproductive growth stage (TS). This result was consistent with the change in the soil P in the OMF treatments, indicating that OMF possibly supplies sufficient P by increasing the alkaline phosphatase activity.
Combination of organic and mineral fertilizer promotes nutrient uptake
Organic fertilizer could promote soil nutrient uptake and plant growth by increasing the soil nutrient supply. Given that the formation of the root system keeps pace with the development of shoots (Peng et al. 2010) , the positive effect of application of OMF was similar on root and shoot growth from the 6S to the TS. Maize shoots and roots required tremendous N, P and K from soil for plant nutrient accumulation.
Previous studies showed that mineral fertilizer application caused a NH 3 volatilization loss and nitrate leaching through diffusion despite the low mobility of ammonium and P for peak rainfall (Mi et al., 2010) , reducing the maize yields. Our results showed that N and P uptake by both maize roots and shoots were increased by application of the OMF, especially in the later growth stages. This result was possibly attributed to the OMF enhanced root branching and deeper root growth in maize at the flowering stage which is important for nutrient uptake in subsoil to improve water-and N use efficiency (Oikeh et al., 1999) . The shoot P reached its peak content value in the TS in both the MF and OMF treatments. This result was similar to the results of Li et al. who demonstrated that the peak value of P accumulation occurred after silking with high available nutrients .
The shoot and root K were higher (25-53 %) in the entire growing season in the OMF treatments than in the MF treatments. This result indicated that OMF significantly promotes K uptake to maintain a more sufficient K + content level for maize growth than sole mineral fertilizers.
Relationships between soil and plant parameters under MF and OMF systems
The principal components analysis results showed that the urease activity and all plant parameters were negatively correlated with principal component (PC1) (59.6%), whereas the SOC, APT activity and soil nutrients were negatively correlated with PC2 (27.9%), indicating that a higher contribution to the total variation was induced by nutrient uptake than by soil nutrients (Figure 6 ). The greater nutrient uptake benefits with OMF were mainly attributed to the direct interactions between the two resources, and temporary immobilization of N from fertilizers by organic fertilizers can result in improved synchrony between the supply and demand of nutrients (Palm et al., 2001 ). The maize yield had a significant positive correlation with the shoot and root biomass (P < 0.01). Maize biomass had a significantly positive correlation with the N, P and K uptakes by both shoots and roots (P < 0.01). Nutrient uptakes were significantly higher with OMF than with MF in the TS and HS. These results indicated that OMF promotes maize growth and yield formation, which is possibly attributed to the increase in nutrient uptake at the TS and HS stages. The peak P uptake (both root and shoot)
was shown at the 12S in both the MF and OMF treatments, while there was a significant decrease in the soil available P in the OMF treatments. The decrease in the soil P was possibly attributed to the P uptake by maize at the TS. This result indicated that the OMF supply sufficient P for maize growth at the TS and soil P possibly a limit fac- 
Environmental impact of both the MF and OMF systems
The environmental goal of life cycle analysis is to minimize the environmental impacts per unit of product (from raw material extraction to grain production), which can reflect the outlook of the application of the equivalent OMF to the MF system.
For LCA studies on arable crop production, the main consumption of fossil fuels and minerals, such as oil, coal, phosphate, potash and lime, are sub-categories of particular importance. The present study suggests that OMF decreased the demand for non-renewable energy resources. The lower energy requirement of the OMF system was mainly due to a reduced input in the N fertilizers (Deytieux et al., 2012) . Deike et al. demonstrated that N fertilization was ranked first in the energy requirement when all inputs required for crop production were considered (Deike et al., 2008) The Global Warming Potentials of these emissions contributed to the climate change (Table 1 ). The main reasons for greenhouse gas mitigation in the OMF system include (i) lower CO 2 emissions in organic fertilizer production for reducing fertilizer application and (ii) decreased use of N-fertilizer, which reduces the emissions of ammonia, nitrates and nitrogen oxides and could decrease the emissions of nitrous oxide (N 2 O) (Nemecek et al., 2008) . Acidification is mainly caused by air emissions of sulphur dioxide (SO 2 , share 36% for EU15), nitrogen oxides (NOx, 33%) and ammonia (NH 3 , 31%; EEA, 2001 ). In the present study, the acidification potential was dominated by NH 3 , which was lower with OMF than with MF.
This result indicated that applying N in the organic form could be a useful mitigation option. Depletion of trace elements in soil, together with high usage of NPK fertilizers, may decrease the essential trace elements, and copper was deficient in the soil-crop system with chemical fertilization (Kong, 2011) . The raw materials of organic fertilizer, such as animal manure, often input some trace elements, which are possibly attributed to the higher Cu and Zn content in the OMF.
OMF may help to maintain the balance of zinc and copper as micronutrients in arable soils. In the present study, the aggregate environmental index for maize production was 17 % lower in the OMF system than in the MF system. Consequently, the combined application of mineral and organic fertilizers is considered to be a promising solution for reducing the environmental burdens that are related to intensive agricultural management practices.
Conclusions
The combination of organic and mineral fertilizer could be advantageously utilized for maize cropping, and this practice had higher crop yields and lower environmental risk compared to sole mineral fertilization. Therefore, it was concluded that the combination of organic and mineral fertilizers is a better choice for farmers as reduce the use of chemical fertilizers for sustainable agriculture development. The high and steady yield with OMF (organic and mineral fertilizer) was attributed to increased soil P, N and P uptakes by maize shoot in the TS (tasseling stage) and urease activity with P uptakes at the HS (harvest stage). The organic fertilizer combined with lower amounts of mineral fertilizer increased maize biomass by increasing the N, P and K uptakes in the 12S (twelve-leaf stage) and TS stages. Moreover, OMF demanded less non-renewable energy and alleviated the stress from global warming, acidification and aquatic eutrophication. This research has shed significant light on how the combination of mineral and organic fertilizers promotes soil nutrient supplies to match maize growth in different stages as well as improve the agricultural environment.
